The MKC7 gene was isolated as a multicopy suppressor of the cold-sensitive growth phenotype of a yeast kex2 mutant, which lacks the protease that cleaves pro-afactor and other secretory proproteins at pairs of basic residues in a late Golgi compartment in yeast. MKC7 encodes an aspartyl protease most closely related to product of the YAP3 gene, a previously isolated multicopy suppressor of the pro-a-factor processing defect of a kex2 null. Multicopy MKC7 suppressed the a-specific mating defect of a kex2 null as well as multicopy YAP3 
The Saccharomyces cerevisiae Kex2 protease is a Ca2+_ dependent transmembrane serine protease that cleaves secretory proproteins on the carboxyl side of Lys-Arg and Arg-Arg in a late Golgi compartment (1, 2) . Kex2 is the prototype of a family of eukaryotic proteases implicated in processing precursors of peptide hormones, neuropeptides, viral envelope glycoproteins, growth factors, and growth factor receptors at basic-residue-containing sites (3) . Several reports have suggested that aspartyl proteases may also be involved in proprotein processing in neuroendocrine cells (4, 5) . A yeast gene, YAP3 , that encodes an aspartyl protease was identified as a multicopy suppressor of the pro-a-factor processing defect of a kex2 mutant strain (6) and of sexl mutations that blocked processing of a heterologous substrate, anglerfish prosomatostatin, at a single Arg-type cleavage site when expressed in yeast (7) . However, becauseyap3 null mutations have no effect on normal yeast physiology, it has been unclear what the role of the YAP3 product (Yap3) is in yeast and even whether it is a processing or degradative enzyme. In addition to a-specific sterility, kex2 mutants exhibit additional phenotypes, including cold-sensitive growth (Cs-phenotype; R.S.F. and J. Thorner, unpublished data; ref. 8 
MATERIALS AND METHODS
Yeast Media and Strains. Liquid and solid rich media supplemented with 1% adenine sulfate (YPAD) and synthetic complete medium (SDC) were as described (9) . kex2 null mutations were as described (10) . kex2 null strains were not cold-sensitive on SDC but were on modified SDC, in which (i) proline (1%) replaced (NH4)2SO4 as a nitrogen source, (ii) KH2PO4 was 1.0 mM, (iii) MgSO4 was 0.5 mM, and (iv) pH was buffered at 6.5 with 50 mM Mes (Calbiochem).
All yeast strains were derived from the W303 background (R. Rothstein Phosphatidylinositol-Specific Phospholipase C (PI-PLC) Digestion. Mkc7 was purified from Triton X-100-solubilized membrane proteins by the following chromatographic steps: Q-Sepharose, Cu2+-charged chelating Sepharose, and Sephacryl S-300 (resins from Pharmacia; the details of the purification and characterization will be described elsewhere; unpublished data). For the phase separation, bound Mkc7 was washed and eluted from a second Cu2+-charged chelating Sepharose column by using buffer containing Triton X-114 (0.1%). Purified Mkc7 (1000 units) was incubated with 0.05 unit of Bacillus cereus PI-PLC (Boehringer Mannheim) at 30°C for 15 min in 0.2 M NaCl/50 mM Hepes, pH 7.5/0.1% Triton X-114. After the incubation, phases were separated, the aqueous and detergent phases were extracted once more as described (19) , and the proteolytic activity in each phase was measured. (Fig. 2 B and C) . Segments containing the two catalytic aspartyl residues were conserved between the predicted MKC7 product Mkc7 and all other aspartyl proteases examined (Fig. 2C) . The yeast YAP3 gene product Yap3 (6) exhibited the highest degree of relatedness to Mkc7 (53% identity and 73% similarity; see Fig. 2B ). The yeast BAR1 gene product, an aspartyl protease secreted by MATa haploids that degrades a-factor, was the next most closely related molecule (32% identity) (27) .
RESULTS AND DISCUSSION
Like Yap3, Mkc7 has features of a secretory protein. Mkc7 has a potential N-terminal signal peptide with a predicted cleavage site after Ala-22 (35) and nine potential Asn glycosylation sites (36) . Similarity between Mkc7 and Yap3 (Fig.  2B) extends through a C-terminal hydrophobic segment proposed to constitute a signal for addition of a glycosylphosphatidylinositol (GPI) membrane anchor to Yap3 (26) .
Because the YAP3 gene was originally identified as a multicopy suppressor of the pro-a-factor processing defect of kex2 mutants (6) , we compared the abilities of multicopyMKC7 and YAP3 to suppress both the a-specific sterility and the Csphenotype caused by a kex2 null mutation. Multicopy MKC7 and multicopy YAP3 restored the mating competence of MATa kex2A strain to the same level, '3000-fold above background or -10% of wild-type mating (Table 1) . Multicopy YAP3 also suppressed kex2 cold sensitivity, though less well than did multicopy MKC7 ( was placed under the control of the powerful constitutive TDH3 promoter on a multicopy plasmid. Yeast transformed with this expression plasmid produced high levels of a cellassociated proteolytic activity that cleaved a peptide substrate corresponding to the first Kex2 cleavage site in pro-a-factor (ref. 38 ; arrow indicates site of Kex2 cleavage), Ser-Leu-AspLys-Arg-J -Glu-Ala-Glu-Ala (Table 2) . Mass spectral analysis confirmed that the Mkc7 activity cleaved on the carboxyl side of the Arg residue (data not shown). Cleavage of the substrate was undetectable in fractions from cells containing the expression vector lacking the MKC7 structural gene. About 70% of the activity in the low-speed supernatant fraction sedimented at 100,000 x g, and 80% of this pelleted activity was solubilized by Triton X-100 (Table 2) , behavior typical of membrane-associated proteins. The protein responsible for this activity, purified to homogeneity from detergentsolubilized membranes, corresponded to the MKC7 gene product as determined by amino acid sequence analysis (H.K. and R.S.F., unpublished data).
Membrane Association of Mkc7 Is Mediated by a GPI Anchor. The possibility that membrane association of Mkc7 depends on modification of the C terminus by addition of a GPI anchor was tested by assessing the effect of digestion by PI-PLC on membrane association of purified Mkc7. In a Triton X-114 phase separation, purified Mkc7 behaved like an integral membrane protein, with '80% of the enzyme partitioning to the detergent phase. Treatment with PI-PLC shifted the majority of the enzyme to the aqueous phase (Fig. 3) , indicating that Mkc7 is anchored to the membrane through a GPI anchor (39, 40) .
Similarly, Yap3 has also been shown to be released from the yeast cell surface by digestion with PI-PLC (Y. Bourbonnais and D. Y. Thomas, personal communication).
The signal for GPI anchor addition includes a 15-to 20-residue hydrophobic sequence at the extreme C terminus that is removed upon addition of the anchor (25) . That GPI anchor addition may be important for Mkc7 function was indicated by the fact that deletion of sequences encoding the C-terminal 16 residues of Mkc7 weakened multicopy suppression of kex2 null cold sensitivity. Moreover, deletion of the last 107 C-terminal residues of Mkc7 eliminated suppression entirely, even though the aspartyl protease domain was still intact (data not shown). These results suggest that proper localization of the enzyme, most likely to the plasma membrane (25) , is essential for its function.
Synergistic Growth Defects of Null Mutations in KEX2, MKC7, and YAP3. Disruption of the YAP3 gene or the MKC7 gene alone had no effect on growth of yeast cells from 16°C to 39°C (ref. 6 , Fig. 4A , and data not shown). In contrast, yap3 mkc7 double disruptants exhibited slow growth at 37°C (Fig.  4A) , and at 39°C failed to form colonies (data not shown). These results demonstrate that the Yap3 and Mkc7 are redundant for a function required for high-temperature growth.
Combination of a kex2 disruption with double disruption of both mkc7 and yap3 resulted in a profound growth defect even at 37°C on rich medium (Fig. 4A) . Synergistic effects of mutations in the three genes were also observed at 16°C. Like kex2 null mutants, kex2 mkc7 and kex2yap3 double disruptants exhibited cold-sensitive growth only on YPAD. In contrast, the mkc7yap3 kex2 triple mutant exhibited cold-sensitive growth on both YPAD and synthetic medium (Fig. 4B) .
The synthetic phenotypes that result from combining mkc7 and yap3 null mutations with a kex2 null mutation argue that the two aspartyl proteases are in fact processing enzymes whose activity is important for normal yeast cell growth. One possibility is that Mkc7, Yap3, and Kex2 cleave a common substrate or pool of substrates whose mature form(s) is(are) 
Mkc7P
LGIGLPGLESTYSGVSLSSVQKSYTYNNFPMVLKNSGVIKSTAYSLFAND Yap3p
LGIGLPELEVTYSGSTASHSGKAYKYDNFPIVLKNSGAIKSNTYSLYLND (24) . Asterisks, amino acid identities; dots, conservative substitutions; arrows, two potential catalytic aspartyl residues; shaded boxes, elements of potential C-terminal signals for addition of GPI anchors to Mkc7 and Yap3 (25, 26 (34) . D(T/S)G sequences containing the catalytic Asp residues of the aspartyl protease family are shown in boldface type. localization of the aspartyl proteases and Kex2 to different cellular compartments (2) . Further understanding of the roles of Kex2, Mkc7, and Yap3 proteases in cell growth will be aided by identification both of the relevant substrates and of the cellular pathways in which they function.
Implications for the Roles of Multiple Processing Enzymes in Mammalian Cells. The overlapping functions of the Mkc7, Yap3, and Kex2 proteases raise the question of whether, like Kex2 (3), the yeast GPI-anchored aspartyl proteases also have counterparts in mammalian cells. In fact, aspartyl proteases mM Hepes, pH 7.5/10 mM EDTA/0.5 mM phenylmethylsulfonyl fluoride/0.1 mM N-tosyl-L-phenylalanine chloromethyl ketone/0.1 mM Na-(p-tosyl)lysine chloromethyl ketone/1 mM benzamidine hydrochloride] by centrifugation (3000 x g), and frozen (-80°C). Thawed cells (5 ml, packed) were suspended in buffer A (8 ml), lysed by vortex mixing for 60 20-sec periods with 5 ml of 0.5-mm glass beads (this and subsequent steps were at 0-4°C), and centrifuged, along with washes of beads (3 min, 500 x g). The low-speed supernatant fraction (I) was centrifuged (1 h, 100,000 x g), producing a supernatant fraction (II-S) and a 100,000 x g pellet (fraction II-P). Fraction TI-P was solubilized in 19 ml of buffer A/1% Triton X-100 (30 min on ice) and centrifuged (1 h, 100,000 x g) to produce a supernatant fraction (fraction III-S, Triton X-100-solubilized membranes) and a pellet, which was resuspended in buffer A/1% Triton X-100 (fraction III-P (BFY106-4D) ; b, wild-type (CRY2); c, kex2A mkc7Ayap3A (HKY25); d, mkc7A yap3A (HKY24).
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